The aim of this study was to investigate the effects of the pointspread function (PSF) and time-of-flight (TOF) on improving 18 F-FDG PET/CT images in relation to reconstruction parameters and noise-equivalent counts (NEC). Methods: This study consisted of a phantom study and a retrospective analysis of 39 consecutive patients who underwent clinical 18 F-FDG PET/CT. The body phantom of the National Electrical Manufacturers Association and International Electrotechnical Commission with a 10-mm-diameter sphere was filled with an 18 F-FDG solution with a 4:1 radioactivity ratio compared with the background. The PET data were reconstructed with the baseline orderedsubsets expectation maximization (OSEM) algorithm, with the OSEM1PSF model, with the OSEM1TOF model, and with the OSEM1PSF1TOF model. We evaluated image quality by visual assessment, the signal-to-noise ratio of the 10-mm sphere (SNR 10 mm ), the contrast of the 10-mm sphere, and the coefficient of variance in the phantom study and then determined the optimal reconstruction parameters. We also examined the effects of PSF and TOF on the quality of clinical images using the signal-to-noise ratio in the liver (SNR liver ) in relation to the NEC in the liver (NEC liver ). Results: In the phantom study, the SNR 10 mm was the highest for the OSEM1PSF1TOF model, and the highest value was obtained at iteration 2 for algorithms with the TOF and at iteration 3 for those without the TOF. In terms of a postsmoothing filter full width at half maximum (FWHM), the high SNR 10 mm was obtained with no filtering or was smaller than 2 mm for algorithms with PSF and was 4-6 mm for those without PSF. The balance between the contrast recovery and noise is different for algorithms with either PSF or TOF. A combination of PSF and TOF improved SNR 10 mm , contrast, and coefficient of variance, especially with a small-FWHM gaussian filter. In the clinical study, the SNR liver of the low-NEC liver group in the OSEM1PSF1TOF model was compared with that of the high-NEC liver group in conventional OSEM. The PSF1TOF improved the SNR liver by about 24.9% 6 9.81%. Conclusion: A combination of PSF and TOF clearly improves image quality, whereas optimization of the reconstruction parameters is necessary to obtain the best performance for PSF or TOF. Furthermore, this combination has the potential to provide good image quality with either lower activity or shorter acquisition time, thus improving patient comfort and reducing the radiation burden. PET/ CT with 18 F-FDG is useful for the detection and staging of various malignant tumors, monitoring of their response to therapy, and prognostic stratification (1-6). High image quality is required for an accurate diagnosis, although the spatial resolution of PET is relatively low in comparison to other imaging modalities (7). Recently, the information provided by the point-spread function (PSF) and time-of-flight (TOF) has been expected to improve the spatial resolution and signal-to-noise ratio (SNR), respectively, of PET images (8-10).
PET/ CT with 18 F-FDG is useful for the detection and staging of various malignant tumors, monitoring of their response to therapy, and prognostic stratification (1) (2) (3) (4) (5) (6) . High image quality is required for an accurate diagnosis, although the spatial resolution of PET is relatively low in comparison to other imaging modalities (7) . Recently, the information provided by the point-spread function (PSF) and time-of-flight (TOF) has been expected to improve the spatial resolution and signal-to-noise ratio (SNR), respectively, of PET images (8) (9) (10) .
A PET scanner consists of a circular ring of detectors. This geometry introduces distortion into the detection process. When the photon comes from the center of the field of view (FOV), the line of response is likely to be correctly localized in the crystal into which the photon entered. However, the farther the photon is from the center of the FOV, the more likely it is that the line of response might be incorrectly calculated, because the photon passes through the crystal at an angle and continues traveling to another crystal, resulting in increased distortion at points farther from the center of the FOV. To compensate for this geometric distortion, PSFs were measured at several million points in the FOV using a point source. The measured PSFs were then incorporated into the estimation step of the reconstruction algorithm. The modeling of the PSF reconstruction effectively positions the line of responses in their actual geometric location. PSF has been shown to improve both the spatial resolution and noise properties of reconstructed PET images (11) .
The idea of using TOF information was first proposed in the 1960s (12, 13) . The use of scintillators with a fast decay time was necessary to construct the TOF PET system, although those available at that time, such as cesium fluoride and barium fluoride, were of low density (14) . High-density bismuth germanate has been widely used to pursue a highsensitivity system, although its slow decay time has not been suitable for the TOF strategy. The development of lutetium orthosilicate and lutetium yttrium orthosilicate has reawakened interest in TOF PET (15) , because these scintillators have both a fast decay time and high density (16, 17) . The TOF information provides a difference in arrival times between a pair of coincident photons and narrows the probability that the annihilation event will be located along the line of response. This additional information enables the reconstruction algorithm to converge to the expected image with fewer iterations and a better noise level (18) .
PSF and TOF both have the potential to improve image quality and lesion detectability (19) . Recent studies have reported faster convergence of lesion contrast and improvements in lesion detection performance with TOF (18) (19) (20) (21) (22) . However, the effects of PSF and TOF have not been sufficiently demonstrated in different reconstruction parameters or investigated for their effects on noise levels. In this study, we determined the optimal reconstruction parameters to confirm the effects of PSF and TOF in a phantom study. Then, we examined the effects of PSF and TOF on the quality of clinical images.
MATERIALS AND METHODS

Data Acquisition and Image Reconstruction
We used a Biograph mCT scanner (Siemens Healthcare) for all PET acquisitions in this study. This PET scanner comprises 3 rings with a total of 144 lutetium orthosilicate detectors, covering an axial FOV of 16.2 cm and a transaxial FOV of 70 cm in diameter; each block is 4 · 4 · 20 mm. The coincidence time window was 4.1 ns. The TOF time resolution was 555 ps. The PET data were acquired in 3-dimensional mode and were reconstructed with the baseline ordered-subsets expectation maximization (OSEM) algorithm, with the OSEM1PSF model, with the OSEM1TOF model, and with the OSEM1PSF1TOF model. The default reconstruction parameters for OSEM and OSEM1PSF were 2 iterations and 24 subsets, and those for OSEM1TOF and OSEM1PSF1TOF were 2 iterations and 21 subsets. A gaussian filter with a full width at half maximum (FWHM) of 4 mm was used as a postsmoothing filter in all reconstruction models. The image matrix was 256 · 256, with 3.18-mm pixels. The PET image slice thickness was 5 mm. In a phantom study, we varied the number of iterations and the FWHM of the gaussian filter in all reconstruction models. A whole-body CT scan protocol was performed using the following parameters: 120 kV, 100 mA, 0.5-s tube rotation, and 5-mm slice collimation. The CT data were used for attenuation correction.
Phantom Studies
Imaging Protocol. Phantom study 1 was performed to determine an appropriate scanning time to enable visualization of a 10-mm-diameter hot sphere of unknown localization. The experiments were performed according to the "Japanese Guideline for Oncology FDG PET/CT Data Acquisition Protocol" (23) . We used a body phantom of the National Electrical Manufacturers Association and International Electrotechnical Commission. Only one 10-mm-diameter sphere was embedded in the phantom and filled with an 18 F-FDG solution that had a 4:1 radioactivity ratio compared with the background. The background activity level of 5.31 kBq/mL was chosen to simulate liver uptake (24) . The PET data were acquired in 3-dimensional list mode for 10 min. PET images of different acquisition times ranging from 1 to 10 min were reconstructed and evaluated for the detectability of the hot sphere.
In our second phantom study, the PET data from a 2-min acquisition were reconstructed using various parameters, with iterations ranging from 1 to 10 and the gaussian filter having a FWHM ranging from 1 to 10 mm. We determined the optimal reconstruction parameters to examine the effect of the reconstruction algorithm on the clinical images according to the results of this phantom study.
Data Analysis. The phantom PET image analyses were performed by visual assessment and by examining the SNR, the contrast of a 10-mm hot sphere, and the coefficient of variance on the background (CV). We placed a circular region of interest (ROI) 10 mm in diameter on the 10-mm hot sphere. We also placed a large circular ROI 100 mm in diameter on the slice of the sphere center and on slices 61 cm and 62 cm away from the background (total of 5 ROIs).
For visual assessment, the PET images were evaluated according to the detectability of the 10-mm-diameter hot sphere on a 3-step scale (0, not visualized; 1, visualized, but similar hot spots were observed elsewhere; and 2, identifiable) by 1 board-certified nuclear medicine physician and 2 radiologic technologists. These investigators were unaware of the localization or the slice number on which the hot sphere was to be visualized. A score of 1.5 is considered to represent a clinically interpretable study (21) .
The SNR of a 10-mm-diameter hot sphere (SNR 10 mm ), contrast, and CV were used as parameters for the physical assessment of image quality. The SNR 10 mm was calculated as follows:
where the signal was the maximum activity in the 10-mm hot sphere ROI, the background was the mean activity in the 5 background ROIs, and SD was the mean of the SD of the 5 background ROI counts. The contrast of the 10-mm hot sphere and the CV were, respectively, calculated as follows:
Contrast 5 signalðmaximum valueÞ=backgroundðmean valueÞ CV 5 SD=backgroundðmean valueÞ · 100ð%Þ
Clinical Study
Imaging Protocol. A total of 39 consecutive patients (mean age, 63.5 6 14.3 y) who underwent 18 F-FDG PET/CT between March 24 and April 16, 2010, were analyzed in this study. Patients with liver lesions or with a fasting blood sugar level higher than 120 mg/dL were excluded. The clinical indication for the 18 F-FDG PET/CT examinations of these patients were the evaluation of lung cancer (n 5 8), malignant lymphoma (n 5 6), thyroid cancer (n 5 6), general cancer screening (n 5 5), colorectal cancer (n 5 4), head and neck cancer (n 5 4), cervical cancer (n 5 2), prostate cancer (n 5 1), malignant mesothelioma (n 5 1), gastric cancer (n 5 1), and unknown primary cancer (n 5 1). The patients had an average weight of 59.9 6 14.2 kg (range, 35-89 kg); their height averaged 160.7 6 8.4 cm (range, 145-176 cm); and their body mass index (BMI) averaged 23.0 6 4.3 kg/m 2 (range, 16.0-31.6 kg/m 2 ). This clinical study was approved by the ethics committee of our institution (no. . This study was retrospective, and its results did not influence any further therapeutic decision making.
All patients fasted for at least 4 h before PET/CT and rested for 1 h after receiving an intravenous injection of 223.4 6 49.3 MBq (range, 135.9-314.1 MBq) of 18 F-FDG. The injected dose per kilogram averaged 4.0 6 1.4 MBq/kg (range, 1.83-7.81 MBq/ kg). Scanning started at 1 h after administration and was performed from the mid thigh to the top of the head. The clinical PET data were acquired in the 3-dimensional static mode for 2 min per bed position. The bed overlap was 50%. The PET/CT images were reconstructed with optimal parameters for each reconstruction algorithm according to the results of the phantom study.
Data Analysis. The noise-equivalent count (NEC) is a raw data quality metric that does not take into account the impact of reconstruction algorithms or of spatial resolution effects (25) . To evaluate the quality of the acquired PET data, the NEC in the liver (NEC liver ) was calculated as follows:
where T is the true coincidence counts, S is the scatter coincidence counts, R is the random coincidence counts, SF is the scatter fraction, and k 5 2 (noise random correction factor). The true, scatter, and random coincidence counts were obtained from the full sinogram data of the bed position that covered the liver in the whole-body scan. The quality of the clinical PET image was analyzed using the SNR in the liver (SNR liver ). We placed 3 circular ROIs in a 3-cm diameter on 3 axial slices around the largest liver section; thus, a total 9 ROIs were placed. The SNR in the liver was calculated as follows:
where C liver was the mean count in the 9 liver ROIs, and SD liver was defined as the SD of the 9 liver ROIs.
Statistical Analysis
The SNR liver values were compared using the Wilcoxon signedranks test. In all analyses, a P value of less than 0.05 was considered to be statistically significant.
RESULTS
Phantom Studies
The 10-mm hot sphere could be recognized in all PET images (Fig. 1A) . In PET images from the 1-min acquisition reconstructed by both OSEM and OSEM1PSF, the hot sphere was relatively unclear. However, the hot sphere was clearly observed by reconstruction with TOF. In terms of the uniformity of the background, OSEM1PSF and OSEM1PSF1TOF were superior to conventional OSEM. Figure 1B shows the results of the visual assessment of the PET images according to each reconstruction model. The PSF and TOF improved the image quality, especially for images with a short acquisition time. The recommended image quality score of 1.5 is achieved with a 2-min acquisition reconstructed with OSEM1PSF1TOF, whereas longer scans were required when using other reconstruction algorithms.
The PET images reconstructed by various iteration numbers are shown in Figure 2A . Although the 10-mm hot sphere became clearer with increasing iteration number, the uniformity of the background deteriorated. The image quality for the various numbers of iterations is shown in Figure 2B . The SNR 10 mm , contrast, and CV are plotted in this figure as a function of the iteration number. The contrast is also plotted as a function of the CV, and each plot corresponds to the iteration number. The SNR 10 mm and contrast were improved by TOF correction. In the algorithms with the PSF correction (OSEM1PSF and OSEM1PSF1TOF), the SNR 10 mm , contrast, and CV were generally superior to those obtained by the algorithms without the PSF correction. The SNR 10 mm was the highest for the OSEM1PSF1TOF model, and the highest value was obtained at iteration 2 for OSEM1PSF1TOF and at iteration 3 for OSEM1PSF. The contrast for the 10-mm sphere using OSEM1TOF reached a maximum and converged uniformly with smaller iteration numbers in comparison with the data obtained using other algorithms. When the PSF was included, the iterative convergence of the contrast was delayed and the CV was improved. The relationship between the CV and contrast showed that OSEM1PSF1TOF at iteration 2 yielded contrast similar to what was obtained with OSEM1PSF at iteration 3, but the TOF image had less noise. On the other hand, both OSEM1PSF1TOF and OSEM1PSF at iteration 2 yielded comparable noise levels, with the only disadvantage being a small loss of contrast for OSEM1PSF. On the basis of these results, an iteration number of 2 for algorithms with TOF and 3 for those without TOF was recommended.
The PET images reconstructed using various FWHMs of the gaussian filter are shown in Figure 3A . The hot sphere became more blurred with the increase in the filter FWHM width, whereas the background became homogeneous. Both the SNR 10 mm and CV obtained by the algorithms with PSF were superior to those obtained by other algorithms (Fig. 3B) . The high SNR 10 mm was obtained with no filtering or with filtering less than 2 mm for OSEM1PSF and OSEM1PSF1TOF and 4-6 mm for OSEM and OSEM1TOF. The contrast decreased with increasing FWHM in all algorithms. The contrast was higher for OSEM1TOF using a small-FWHM gaussian filter. On the other hand, the CV was superior for OSEM1PSF. Both PSF and TOF improved the SNR 10 mm , contrast, and CV, especially with a small-FWHM gaussian filter. Therefore, the optimal FWHM of the gaussian filter was recommended to be no filtering or less than 2 mm for algorithms with PSF and 4-6 mm for those without PSF. We determined that 2 mm for algorithms with PSF and 4 mm for those without PSF were the most appropriate FWHM widths.
Clinical Studies
The mean and SD of the NEC liver was 3.90 6 0.80 megacounts (range, 1.71-4.77 megacounts). The patients were classified into 2 groups based on a NEC liver of 3.0 megacounts as a threshold: the low-NEC liver group, less than 3.0 megacounts (average, 2.46 megacounts, n 5 20), and the high-NEC liver group, 3.0 or more megacounts (average, 3.72 megacounts, n 5 19). Figure 4 shows the SNR liver . In all patients, the SNR liver of OSEM1TOF and OSEM1PSF1TOF was superior to that of the baseline OSEM (P , 0.01). Although the filter FWHM width differed, the SNR liver of OSEM1PSF was equivalent to that of conventional OSEM. Concerning the relationship between the SNR liver and NEC liver , the SNR liver of the high-NEC liver group was higher than that of the low-NEC liver group. The TOF significantly improved the SNR liver in both groups (P , 0.05). The PSF1TOF improved the SNR liver by 24.9% 6 9.81%. The SNR liver improvement in both the OSEM1TOF model and the OSEM1PSF1TOF model did not correlate with NEC liver . Figure 5 shows PET images of a representative patient. The PSF and TOF clearly improved the uniformity of the liver and the sharpness of the edge of the vertebral body. In addition, the activity of the physiologically low-uptake areas, such as the perirenal fat, lungs, and intervertebral disks, decreased clearly.
DISCUSSION
In this study, we evaluated the effects of both PSF and TOF on PET/CT image quality and determined the reconstruction parameters by phantom studies. We then also evaluated the impact of PSF and TOF on clinical images based on the results of the phantom studies. We found that the combination of PSF and TOF improved the SNR, contrast, and CV of the PET images in both phantom and clinical studies.
The CV of the images reconstructed by algorithms with PSF were superior to those without PSF. Furthermore, the SNR 10 mm and contrast with PSF were superior to those without PSF at later iterations, as is consistent with previous studies reporting that the PSF algorithms converge more slowly than comparable non-PSF algorithms. This finding suggests that the PSF correction was mainly responsible for the improvement in image quality in this study. Contrast and CV increased when the number of iterations increased. A compromise trade-off needs to be found between the 2 conflicting performance parameters of high contrast and low CV. On the other hand, PET image reconstruction with PSF showed a more uniform background than did the images obtained using algorithms without PSF. The PSF algorithm, which includes additional information about the object to be recovered, slows iterative convergence. Thus, the PSF clearly decreased the noise compared with other algorithms at the same iteration numbers (18, 26) . Furthermore, the highest SNR 10 mm was obtained at iteration 3 in algorithms with PSF.
The TOF also improved the SNR in both phantom and clinical studies. According to the results of phantom FIGURE 4 . Relationship between SNR in liver and reconstruction algorithm in all patients (A) and in different NEC groups (B). SNR liver of algorithms with TOF were superior to those without TOF. SNR liver of low-NEC liver group in OSEM1PSF1TOF model was comparable to that of high-NEC liver group in conventional OSEM. studies, TOF improved the SNR 10 mm and contrast. However, if we used the same iteration number, TOF did not seem to improve the noise. In the OSEM1TOF model, the contrast reached a maximum and converged uniformly with fewer iterations. Thus, it is acceptable to decrease the number of iterations for algorithms with TOF compared with those using conventional OSEM alone. TOF has been reported to improve the contrast of a small hot sphere and lead to a higher contrast recovery at a matched noise level, with faster and more uniform convergence (18, 20) .
A combination of the PSF and TOF algorithm provided the best image quality among the reconstruction algorithms using either PSF or TOF (27) . Both PSF and TOF greatly improved image quality: not only in the phantom study but also in the clinical study. In our phantom study, the PSF mainly improved the noise whereas TOF mainly increased the contrast at the same iteration number. As previously discussed, TOF leads to a faster convergence at a matched noise level with uniform convergence. On the other hand, PSF improved contrast and noise, although it slowed the iterative convergence (26) . The balance of contrast recovery and noise is affected by the number of iterations (28) . Therefore, it is important to examine the optimal reconstruction parameters instead of fixed conventional parameters. Several approaches have been proposed to determine the optimal number of iterations. Some make it possible to compare images using SNR or contrast recovery. Others can compare images at a given noise level, at either the same or different iterations for TOF and non-TOF. Optimization of the reconstruction parameters is essential to make the best of PSF or TOF.
Increasing the FWHM of the gaussian filter generally decreases the noise, and the contrast of the hot sphere is also decreased. The degree of improvement in image quality by both PSF and TOF was prominent with a small-FWHM gaussian filter, though the relative changes in contrast and CV differ for the different reconstruction algorithms. Thus, SNR may be affected differently as the filter strength is increased. In our study, the optimal FWHM of the gaussian filter was recommended to be either no filtering or less than 2 mm for algorithms with PSF and 4-6 mm for those without PSF. The clinically optimal FWHM for both PSF and TOF must be further examined to obtain high-diagnostic-quality PET images.
NEC has been widely used as an index to evaluate the quality of the acquired PET data (29) . NEC is known to be directly proportional to the SNR of the acquired data and to depend on the injected dose and patients' BMI (30, 31) . The quality of clinical PET images is strongly influenced by patient weight, acquisition time, and injected dose (32, 33) . In our study, the reconstruction algorithms with PSF1TOF improved the SNR liver . Therefore, the combination of PSF and TOF has the potential to maintain image quality for lower-activity objects and a shorter acquisition time. Our results showed that the SNR liver of the low-NEC liver group with OSEM1PSF1TOF was comparable to that of the high-NEC liver group with conventional OSEM. However, the degree of SNR liver improvement brought about by the combination of PSF and TOF was not related to the NEC liver value. Although TOF is considered to improve image quality, the degree of improvement has been reported to be influenced by patient size (22) . Previous studies showed a correlation between BMI and SNR improvement by TOF (18) . The maximum BMI of the examined patients was 31.6 (range, 16.0-31.6) in our study, whereas that in a previous report was 43 (range, 16-43) (18) . The relationship between TOF and BMI may not have been observed in our study because of the narrow range of BMI. Therefore, a further study to directly compare the relationship between the TOF improvement and BMI, including patients with higher BMIs, is necessary.
This study had some limitations. First, we did not evaluate the detectability of lesions. Although our results indicated that the combination of PSF and TOF improved the SNR in normal liver, from a diagnostic aspect, detectability of small lesions is considered to be important. Furthermore, contrast, noise, and SNR were changed depending on the reconstruction algorithms and parameters used in our phantom study. Therefore, the standardized uptake value is also considered to be changed. A further study is required to examine the detectability of small lesions in relation to the standardized uptake value of lesions. Second, we determined the reconstruction parameters based on simple physical assessments, because such methods can easily be performed at many clinical institutions. Further examinations to evaluate more physically specialized features using more rigorous methods may be recommended (19, 21) .
CONCLUSION
Both PSF and TOF provided a significant improvement in the quality of clinical PET images, and our findings indicate that optimization of the reconstruction parameters is necessary to obtain the best performance for PSF or TOF. A combination of PSF and TOF has the potential to obtain good image quality for a lower activity or a shorter acquisition time, thus improving patient comfort and reducing the radiation burden.
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